ABSTRACT
CARDIAC ELECTRICAL instability has been identified as one of the primary factors responsible for sudden cardiac death. 1 Electrical stability of the heart has been found to be reduced by an elevation of sympathetic efferent activity2' 3 and to be increased by a major increase in vagal efferent activity. 4 These results are largely independent of direct effects on heart rate and blood pressure.5'6 Accordingly, interventions that reduce cardiac sympathetic activity, particularly l-adrenergic blockade, have been shown to reduce cardiovascular mortality in patients.7 Results of experimental studies have shown that animals with strong vagal reflexes have a reduced incidence of fibrillation during acute myocardial ischemia.8 Together, this evidence strongly suggests that modification of the autonomic nervous system could improve electrical stability of the heart and reduce the incidence of sudden cardiac death.
Physiologically, endurance exercise training has been shown to alter the autonomic nervous system, resulting in an apparent increase in parasympathetic efferent activity and a decrease in sympathetic efferent activity. Specifically, heart rate at submaximal workload was found to be reduced in dogs subjected to exercise protocols for 8 to 10 weeks.>" The contractile response of the myocardium was also reduced.3 Measurements of both acetylcholine content"2 and the quantity of cholineacetyl transferasel3 obtained from hearts of trained rats were increased when compared with those of untrained rats. These data suggest that exercise training enhanced cardiac parasympathetic activity. In human beings exercise training has resulted in similar hemodynamic changes. '4 These changes in autonomic neural activity could be beneficial in patients at high risk for sudden death. The available clinical evidence, however, is both meager and inconclusive. A reduction in the incidence of sudden death among postinfarction patients participating in a multifactorial intervention program that included exercise has been reported from Finland." However, other studies'6'8 have failed to report significant protection with exercise, in spite of a favorable trend in some of them. 17 18 In most of these studies the exercise intensity may have been insufficient for cardiovascular conditioning.
Recently, we developed an animal preparation in which ventricular fibrillation (VF) could be consistently induced by a combination of acute myocardial ischemia and exercise in dogs with a healed rnyocardial infarition.8 In these animals the degree of reduction of heart rate that followed a phenylephrine-induced increase in blood pressure accurately identified those dogs that survived or that died during the exercise plus ischemia test. '9 We further demonstrated that the greater the reduction in heart rate for a given increase in blood pressure, the lower the risk for VF. '9 Using this preparation, we designed this study to investigate whether or not daily exercise would alter the propensity toward life-threatening arrhythmias, particularly in those dogs with a healed myocardial infarction identified to be at a higher risk of sudden death.
Methods
Surgical preparation. Twenty-six mongrel dogs (13 The hypothesis that daily exercise could protect against sudden cardiac death was tested (null hypothesis: daily exercise did not reduce the susceptibility to VF). In addition, the hypothesis that daily exercise altered the autonomic reflex control of the heart, as assessed by the baroreceptor reflex activation, was also tested (null hypothesis: daily exercise did not alter the autonomic reflex control of the heart).
Control heart rate and systolic arterial pressure were obtained by averaging over the last 5 The animals were divided into groups to be studied with the daily exercise program described above. Five resistant and five susceptible dogs were placed on a 6 week daily exercise program, while eight susceptible dogs were placed in a cage for an equivalent period of time. At the end of the rest period, four animals from this group also entered the daily exercise program. The 
Susceptibility to VF after exercise. At the end of the 6 week rest or exercise period, the exercise plus ischemia test was repeated on all the animals. It is important to note that one susceptible and one resistant animal died before completion of the exercise program. The cause of death was not established but signs suggestive of congestive heart failure were present. Thus five resistant and nine susceptible animals began the exercise program while four resistant and eight susceptible animals completed it. The data from these two animals were not included in the study.
The ischemia plus exercise test failed to elicit VF or cardiac arrhythmias in the animals that completed 6 weeks of exercise. This observation was true for both the resistant and more importantly the susceptible animals. In contrast, the exercise plus ischemia test resulted in VF in all but one of the susceptible animals rested for 6 weeks.
After completion of the exercise program, two susceptible animals were then given 6 weeks of rest. When the exercise plus ishemia test was repeated at the end of the rest period, one animal had VF while the other developed numerous premature ventricular contractions, including short runs of ventricular tachycardia. The exercise plus ischemia records for the former animal before exercise, after 6 weeks of exercise, and after 6 weeks of rest are displayed in figure 2 .
The effects of the autonomic nervous system on the heart were assessed by baroreceptor reflex testing every 2 weeks throughout the study. Exercise did not affect either the heart rate or the RR interval baroreflex slopes for the resistant animals (table 2, figure 3 ). In contrast, exercise significantly increased both the heart rate and RR slopes in the susceptible dogs by the second week of the program (table 2, figure 3 ) (heart rate slope F3/21 = 13.71, p < .001; RR interval slope F3/21 = 14.91, p < .001). The slopes in fact improved from the susceptible to the resistant range. This is graphically represented in figure 3 . The shaded area represents the area bounded by the lower limit of the 99% confidence interval of th'e preexercise mean for the resistant animals (upper line) and the upper limit of the 99% confidence interval of the susceptible animals (lower line).
Rest, serving as a time control, did not significantly affect the baroreflex slope (table 2, figure 3) figure 4 . It is noteworthy that the one susceptible dog treated with rest that showed a marked improvement in the baroreflex slope was also the only one of its group to survive the exercise plus ischemia test.
In a similar manner, the absolute change in heart rate tQ a 30 mm Hg increase in arterial pressure significantly irWreased for the susceptible dogs (i.e., a large reduction in heart rate) in the exercise program. The heart rate response did'not change for either the resistant animals subjected to exercise or the susceptible animqls that received rest (table 2). Note that one of the susceptible animals receiving rest exhibited a large increa,se in the heart rate response by the sixth week of the rest period. The prephenylephrine heart rate and 1186 systolic arterial pressure did not change over time in any group. It is important to note once again that myocardial infarct sizes were not significantly different (table 1) between the susceptible and resistant groups.
Discussion
The results of this study demonstrate that daily exercise can prevent sudden cardiac death in a subpopulation of animals previously identified to be particularly vulnerable to VF. It was further demonstrated that daily exercise altered cardiac autonomic activity as measured by the baroreflex control of heart rate in the susceptible animals but not in the resistant animals. These results confirm the critical role played by the autonomic nervous system in the genesis of life-threatening arrhythmias.23
Exercise and sudden death. The effects of daily exercise on the incidence of cardiac arrhythmias and sudden death have not been extensively investigated. However, numerous epidemiologic studies indicate 14.4% in the control group). Since exercise was but one factor among many, neither the effects of daily exercise per se on sudden death nor the intensity of the exercise program can be addressed.
In contrast, several recent studies"S'8 failed to demonstrate a significant reduction in either mortality or the reinfarction rate of patients placed on either supervised or unsupervised exercise programs. However, exercise did tend to reduce the incidence of cardiovascular-related deaths in two of these studies. 17, 18 Clinical prospective studies are subject to several inherent limitations. First, with few exceptions,16 the exercise programs used have been either poorly described or of insufficient intensity to result in cardiovascular conditioning. Second, all of the studies failed to differentiate between high-and low-risk groups of patients. In fact, higher-risk patients have often been specifically excluded from the studies.'6 As a result, the sample sizes may have been inadequate to identify any beneficial effects of daily exercise on patients at low risk for sudden death. Furthermore, patient motivation may contribute significantly to the results of prospective studies; that is, higher-risk individuals may be less fit and thus more likely to become discouraged and drop out. Therefore clinical prospective studies may have a considerable bias toward low-risk individuals. 28] ', 24 
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Evidence obtained from experimental studies is similarly lacking. There is, in fact, only one report that relates directly to the findings of our study. Nokes et al. 26 found that exercise training increased the VF threshold during coronary occlusion of the isolated rat heart. The amount of electrical current necessary to elicit VF was much greater in hearts obtained from exercise-trained rats than those obtained from untrained rats. They attributed these differences to subcellular changes, namely reductions in cyclic AMP, which could in part reflect changes in cardiac autonomic neural activity.
Exercise and the autonomic nervous system. The mechanism responsible for the exercise-induced protection from VF remains to be determined. Important changes within the autonomic nervous system may play a critical role in development of this protection. Daily exercise altered the baroreceptor reflex control of the heart rate in the susceptible animals but not in the resistant animals (figures 3 and 4, table 2). Baroreceptor slope improved rapidly (by the second week of exercise) in the susceptible animals, passing from the susceptible to resistant range, as was confirmed by the fact that no susceptible animal developed VF after completion of the 6 week exercise period. Thus alterations within the autonomic nervous system at least paralleled the protection from VF.
These changes in baroreceptor control of heart rate and susceptibility to VF did not result from a timedependent healing process alone. First, autonomic function and susceptibility to sudden death did not improve in most of the sedentary (rested) animals. In fact, only one of the sedentary dogs proved to be resistant to VF at the end of the program, protection that was also associated with a marked improvement in baroreflex function (RR slope, 4.4 before and 16.7 msec/mm Hg at the end of 6 week rest period). Second, two susceptible animals were rested for 6 weeks after completion of the exercise program. Baroreflex function returned toward preexercise values, and when the exercise plus ischemia test was repeated, one animal developed VF while the other exhibited numerous premature ventricular contractions.
The factors responsible for these changes in cardiac neural activity in the susceptible dogs are as yet unknown. One may speculate, however, that since myocardial infarction results in a reduced ejection fraction and thereby stroke volume,14 ventricular pump function could be impaired to a greater extent in the susceptible animals. An increased sympathetic activity would then be necessary to compensate for a fall in stroke volume; that is, changes in heart rate and cardi-1188 ac contractility elicited by sympathetic stimulation are necessary to maintain a constant cardiac output and mean arterial pressure.
If this hypothesis should prove to be correct, then interventions that improve cardiac pump function should also decrease the vulnerability to sudden cardiac death by reducing any compensatory sympathetic activity. Froelicher et al.,27 among others,21 29 have demonstrated that exercise training programs can improve cardiac function, including ejection fraction and stroke volume. In addition, it is well established that exercise training in and of itself will alter the autonomic regulation of the heart, resulting in a reduced cardiac sympathetic tone as well as an increased parasympathetic tone.30 Daily exercise, by improving pump function and altering autonomic tone, may reduce the apparent sympathetic dominance in the susceptible animals and thereby reduce the incidence of VF.
Clinical implications. This study demonstrated that daily exercise modifies cardiac electrical stability and the autonomic control of heart rate in such a way to decrease susceptibility to VF. These changes occur rapidly. They are likely to depend on an increase in parasympathetic or a decrease in sympathetic tone, possibly associated with an improvement in left ventricular function. If these data obtained from animal studies can be extrapolated to the clinical setting, then exercise may provide a physiologic means of reducing the incidence of sudden cardiac death in high risk populations of postinfarction patients. This appealing prospect clearly merits further investigation.
